New criteria for the electrocardiographic recognition of right atrial enlargement, left atrial enlargement, and combined atrial enlargement were studied in 110 patients with congenital and acquired heart disease. Precise physiologic data weife available in all cases.
The method of analysis was designed for application to conventional scalar electrocardiography and hence can be used without modification for routine clinical purposes.
THE current criteria for the electrocardiographic diagnosis of atrial enlargement are seldom adequate for the recognition of even moderate increases in chamber size that may be detectable radiologically. Analysis of tracings has principally considered the configuration, amplitude, and duration of I' waves. Although prolongation of P-R interval has also been observed in severe pulmonic stenosis,' atrial septal defect,2 Ebstein's disease,3 and atrioventricularis communis,4 attention thus far has not specifically been directed toward the P-R segment (time between end of electric atrial systole and onset of electric ventricular systole). This communication proposes a new basis for the diagnosis of atrial enlargement based upon the relation b)etween the durations of P wave, P-R segment, and P-R interval.
MATERIALS AND METHODS
The electrocardiograms of 62 normal adults and 110 patients with congenital or acquired heart disease were analyzed.
This case material is summarized in table 1.
The patients were divided into 2 groups-those with diseases in which an increase in left atrial size might be expected and those with diseases in which an increase in right atrial size might be expected. These will subsequently be designated "left atrial group" and "right atrial group."
The width of the P wave and the durations of P-R interval and P-R segment were each measured in lead II according to the following criteria. When the P-R segment was flat, it was measured from the end of the P wave to the onset of the QRS complex. Occasionally the P-R segment was From the Laboratory of Cardiovascular Physiology, National Heart Institute, Bethesda, Md. 882
found to slope downwards to the QRS complex, and in this case the onset of the P-R segment was considered to be the point where a line extended from the T-P segment intersected the descending limb of the P wave. The P-R interval was measured from the onset of the P wave to the onset of the QRS complex. Width of the P wave was measured from the onset of the P wave to the onset of the P-R segment. In coIiventional single channel scalar electrocardiography, the most accurate P-R interval is the sum of the maximum P wave duration (in any lead) plus the minimum P-R segment duration (in any lead). This largely obviates the need for simultaneous leads. When this method was applied to our tracings, it was determined that lead II reflected the correct P-R interval with sufficient frequency to warrant its selection for the type of analyses described in this study. ' The evaluation of all patients included fluoroscopy, x-ray, electrocardiogram, and right heart catheterization. In 7 patients with mnitral valve disease right heart catheterization was omitted. The left heart was catheterized by the bronchoscopic technic in these 7 patients and in other cases when indicated.* Angiocardiography and retrograde aortography were performed in selected cases.
None of the normal and only 5 
RESULTS
In the series of normal adults, the P-R interval varied from 0.12 to 0.20 second. It should be noted that there was only 1 case below 0.14 second. The P wave varied from 0.06 to 0.11, with only 1 case above 0.10. The mean values were 0.09 second for the P wave, 0.16 second for the P-R interval, and 0.07 second for the P-R segment. The ratio of the duration of the P wave to the duration of the P-R segment varied from 1.0 to 1.6, with a mean value of 1.2.
The duration of the P-R interval in patients over 16 years of age was compared in the normal, right atrial, left atrial, and uncomplicated left atrial groups (table 2). This last group consisted of left atrial cases in which pulmonary arteriolar resistance was normal and hence in which right atrial enlargement might not be expected. The 22 uncomplicated left atrial cases contained 17 with mitral valve disease, 2 with aortic stenosis, and 1 with ventricular spetal defect.
The mean ages of all groups were approximately the same. The mean P-R interval in the right atrial group was 0.20 second, a statistically significant increase from the normal of 0.16 second. Duration of the P-R interval in the left atrial group was identical to that in the normal. However, in the uncomplicated left atrial group it was 0.15 second, a statistically significant decrease from the normal.
The average duration of the P wave in adults was found to be 0.09 second in the right atrial group and 0.11 second in the left atrial group. The ratio of P wave to P-R segment was determined in all cases.
As stated before, the mean value of the P/PR segment ratio in our group of normal adults was found to be 1.2, with a range of 1.0 to 1.6 . From Ziegler's data for children7 the P/PR segment ratio was calculated by us, and found to be a mean of 1.2 from birth to 16 years. It is interesting to note the constancy of the P/PR segment ratio in spite of the wide changes in P-wave duration and P-R interval that occur with age. Figure 1 illustrates the separation of left atrial and right atrial cases in relation to the normal P/PR segment ratio of 1.0 to 1. DISCUSSION Explanation of the changes in P duration, P-R interval, P-R segment, and P/PR segment ratio that occur with atrial enlargement might be approached in the following way. Atrial activation is considered to follow the pattern schematically illustrated in figure 2. The depolarization originates in the sinoatrial node (SA) and proceeds through the atrial muscle in concentric waves. After an interval it arrives at the atrial septum and initiates left atrial depolarization (point 1), followed in temporal sequence by arrival at the AV node (point 2), by completion of right atrial depolarization (point 3), and finally by completion of left atrial depolarization (point 4). The linear velocity of this impulse is about 1,000 mm. per second.8-9 If this velocity remained relatively constant,* right atrial enlargement would then increase the transit time from SA node to AV node and prolong both P-R interval and P-R segment ( fig. 3)  (fig. 4 , nos. 5-10). However, the duration of the P wave would be unaffected, since the terminal part of the P wave is normally written by left atrial depolarization. Thus, right atrial enlargement would prolong the P-R interval and alter the configuration of the P wave but would not affect P-wave duration except for those instances in which transit time in the right atrium was exceptionally prolonged by the magnitude of chamber size. The terminal portion of the P wave would then be written by the right atrium, resulting in Pwave prolongation. That this possibility may occur is supported by the observation of a *If velocity were impeded by an intra-atrial conduction defect, then P-R interval or P duration or both might be prolonged, depending upon the respective involvement of right or left atrial conduction. Left atrial enlargement, on the other hand, should exert no influence onl the transmission time from the SA to the AV node, and hence should be associated with a normal P-R interval ( fig. 3) . However, the P-wave duration might be prolonged by the increased trausit time through the enlarged left atrium because, as noted above, the left atrium normally writes the terminal inscription of the P wave. The net result should be prolongation of the P wave and shortening of the P-R segmuetit but 110 change ini P-R interval. Indeed, the P-R segment may virtually disappear (fig. 4 , nos. 1-4). Gross evidence of the validity of these observations is seen ill the P-wave pattern of " P pulmonale "-with its high amplitude, normal duration, and prolonged P-R interval and P-R segment; and in the P-wave pattern of "P mitrale "-with its delayed secondary peak (bifid), prolonged duration, normal P-R iiiterval, and shortened P-R segment.
If both atria are hypertrophied, it might be expected that the co-existence of the prolonged P-R segment of right atrial enlargement and the prolonged P duration of left atrial eni- Hence when the P PR segmenit ratio is normal, the finding of distinct p)roolagatioll of P-R interval and P' duration identifies the presence of comnbiiied atrial enlargement. This is consistent with the observation that as both right and left atrial masses increase from infancy to adult life there is an increase ill P-R interval, P duration, and P-R segment. As noted, if depolarization in all enlarged right atrium is unusually prolonged because of a markedly increased chamber size, the termiinal portion of the P wave may be written by the right rather than tile left atriumu. Ill this study right atrial enlargement was found to prolong the P duration to a maxinumni of 0.12 second ill adults and 0.10 second ill ('hildreli (Zieglei's tables6 were referred to for miorm-ial P duration below the age of 16 years). Ftur-XX;5 MACRUZ, 1PERLOFF, AND CASE ther prolongation of P duration was seen onlyj when the left atrium was enlarged. It should be emphasized, therefore, that the 22 ease., in the right atrial group and the 17 cases in the left atrial group that had normal P/PR segment ratios must be analyzed further accordintg to the foregoing criteria for combined enlargemenit or right atrial enlargement with lrolonged P duration. Figure 1 illustrates the specific distributions of P/PR segmnent ratio in all categories. The cases with ratios of less than 1.0 are in the group with right atrial enlargement anld those with ratios above 1.6 are in the group with left atrial enlargement. The cases in the range of 1.0 to 1.6 include normal adult controls, cases of combined atrial enlargement, and cases of right atrial enlargement with prolonged P duration.
Among the normal adult controls ( fig. 1) it was found that although P duration and P-R interval varied with age, the P/PR segment ratio remained constant irrespective of These remain unexplained. The single patient with coarectationi of the aorta that fell imito the normal range had a very slight brachial-femoral gradient, normal data on right heart catheterization, and therefore no evident physiologic basis for left atrial enlargement. The remaining 7 with normal ratios had ventricular septal defects. One of these had no electrocardiographie evidence of atrial enlargement in spite of a bidirectional shunt (predominant left-to-right), 2 were very mild, a fourth had a P duration the upper limits of normal, and the remaining 3 fulfilled the criteria for combined enlargement. The single case that fell into the P/PR seg-ELECTROCARDIOGRAPHIC RECOGNITION OF ATRIAL ENLARGE.MENT nent range of right atrial enlargement had a patent ductus arteriosus with a pulmonary arterial pressure of 106/64 and reversal of the shunt.
In category 8, (acquired heart disease with the left atrial preponderance), 7 patieuts had normal P/l'R segment ratios. One with severe aortic stenosis (gradient of 135 mm. lIg) and a left atrial pressure of 22/11 mm. Hg had no evideiice of atrial enlargement by any electrocardiographic criteria. Of the 2 with severe mitral stenosis, one had a pulmonary artery pressure of 60/32, a P-R interval of 0.18 second, a P duration of 0.11 second, and nio electrocardiographic criteria of atrial enlargement. The other had a P-R interval of 0.22) second and a P duration of 0.12 second, evidence of combined eiilargemenit. The reinainfilng 4 with nornial P/l'R segmnent ratios had initral incompetence, 3 of which were mild. The fourth had a pulmonary ai tery pressure of 69/16, electrocardiographic evidenree of right ventricular hypertrophy, a P-R interval of 0.20 second, and a P duration of 0.112 second. The increased P duration and upper normal P-R interval suggest combined enilargement.
Iii this same category, the adult cases with mitral valve disease or left-to-right shunts other than atrial septal defects, but with normal or slightly elevated pulmonary arteriolar resistances had Pl-R intervals significanitly shorter thani the coml)arable normal adult cases (table 2) In right atrial enlargeinetit the l-IS seginent increases because of ami increased transit time from the SA to the AV Ilo(de. The l'-wave (Iliration remains ( oIstalmt, hence the ratio of P'/PR segment falls below the noruijal range. When the right atrium is sufficiently enlarged so that the transit time of the depolarizatioln impulse through that chamber is lontger than the traimsit time of the depolarization impulse through left atrium, then the right atrium may write the terminal portion of the P wave. In this fashion, right atrial enlargement may also prolong the P duration as well as the P-R interval and hence increase 1)oth numerator anzd denominator of the fraction P/PR, segminent so that the resulting ratio may be normal. Right atrial enlargement was found to prolong the P duration to a maximnum of 0.10 secomnd in children and 0.12 second in adults. hence, if the 1P/PR segment ratio is normal and the P-R interval )rolonged, the associated findinog of a P duration which though prolonged, (loes not exceed 0.10 second in the age group below 16 years and 0.12 second( in the age group above 16 years, suggests the presence of right atrial enlargement.
In left atrial enlargement the terminal portion of the P wave is delayed because of the prolomnged transit time of the depolarizatioml impulse through the enlarged left atrial wall. Hence the P-wave duration is prolomiged, the P-R segment is shortened, and P-R interval remains unchanged. The result is a P/PR segment ratio above the normal limit of 1.6. In combined atrial eilargenient the right atrium ( ontinues to l)rolonlg the P-R interval and the left atrinni continues to p)rolonig the P wave. Since these respective p)roloILgationis would inerease both numiitierator and dellonolinator of the fraction 1/1PR, it can be seen that in combined atrial enlargement the P/PR segment ratio may be normal. This occurs only in association with distinct absolute prolongatioin of P-R interval and I' wave. Hence, P w%'hen the ratio is normal ini P-R segment the presence of distinct prolongation of I'-R interval and P-wave, combined atrial enilargenent (can be suspected. Though the P (lurationI may overlap with the cases of right atrial enlargement with P-wave prolongation, if the l' duration exceeds 0.10 second below the age of 16 y-ears and 0.12 second above the age of 16 years, then this prolongation can be attributed to left atrial enlargement so that under these circumstances the associated finding of a normal P/PR segineivt ratio would establish the presence of combined atrial enlargement.
SUMMARY
From aii electrocardiographic study of 110 patients with congenital and acquired heart disease and 62 normal adults new criteria are suggested for the diagnosis of right atrial enlargement, left atrial enlargement, and combiiied atrial enlargement. Right atrial enlargemtient is present when the P/PR segment ratio is less than 1.0. Left atrial enlargement is presenit when this ratio is greater than 1].6. These valuies apply regardless of age group. Thlic ewleetrocardiographic criteria for combined atrial enilargenmenit as well as a theoretical lbasis for these observations are also diseussed.
